Introduction {#S0001}
============

According to cancer epidemiology statistics, laryngeal carcinoma is the most prevalent head and neck cancer and accounts for 25% to 30% of these cases and 1% to 2.5% of all malignancies.[@CIT0001],[@CIT0002] With advances in early diagnosis and treatment strategies, the prognosis of these patients has been quickly improved and early stage laryngeal carcinomas (T1 and T2) can have up to an 80% to 90% cure rate, whereas patients with advanced clinical stages have only a 60% chance of cure.[@CIT0003],[@CIT0004] In addition, the pathogenesis of laryngeal cancer is a complex, multistep-process disease that includes genetic dysregulation of protooncogenes and tumor suppressor genes.[@CIT0005] Therefore, it is urgent to investigate novel diagnostic markers involved in the initiation and progression of laryngeal cancer for early diagnosis and treatment.

Long noncoding RNAs (lncRNAs) are defined as noncoding RNAs with transcripts longer than 200 nucleotides in length. In recent years, lncRNAs have been shown to drive many important cancer phenotypes through their interactions with other cellular macromolecules including DNA, protein, and RNA.[@CIT0006] In laryngeal carcinomas, the role of lncRNAs has been reported[@CIT0007] and several lncRNAs were identified to play important roles in regulating the inflammation,[@CIT0008] proliferation and migration,[@CIT0009],[@CIT0010] cancer stemness,[@CIT0011] etc. Additionally, lncRNA DLX6-AS1 has been shown to promote tumor growth by modulating HSP90 expression in bladder cancer,[@CIT0012] regulating cell invasion in cervical cancer[@CIT0013] and epithelial-mesenchymal transition in gastric cancer,[@CIT0014] and promoting tumorigenesis through the STAT3 signaling pathway in liver cancer stem cells.[@CIT0015] However, the role of DLX6-AS1 in laryngeal cancer has not been defined.

Altered cellular metabolism is the hallmark of cancer cells and is the fundamental mechanism of tumor cells to adapt to the high demand of nutrients.[@CIT0016] In the metabolism of cancer cells, increased ROS production accounts for increased proliferation, and mitochondria are the main source of ROS in cells.[@CIT0017],[@CIT0018] Calcium is one of the most important second messengers in the cytoplasm and is also the key catalyst for a variety of mitochondrial enzymes located in the respiratory chain, such as pyruvate dehydrogenase and isocitrate dehydrogenase.[@CIT0019] Previous studies also indicated that calcium signaling participates in the tumorigenesis of multiple cancer types.[@CIT0020] Among the various calcium channels, the transient receptor potential channel, type C, member 3 (TRPC3) has been shown to be located both in the plasma membrane and mitochondrial inner membrane.[@CIT0021] TRPC3 has been shown to regulate both cellular and mitochondrial calcium homeostasis, but its role, expression and regulation in laryngeal cancer have not been defined in previous reports. In this study, the laryngeal cancer cell lines HEp-2 and Tu-177, clinical samples and grafted tumor models were used to analyze the effects and mechanism of lncRNA DLX6-AS1 on cellular proliferation while identifying the role of the DLX6-AS1/miR-26a/TRPC3 axis on mitochondrial function and ROS production.

Materials and Methods {#S0002}
=====================

Patients and Samples {#S0002-S2001}
--------------------

The study protocols for using tumor samples and patient data were approved by the ethical committees of the Second Weihai Municipal Hospital affiliated to Qingdao University. The patients with laryngeal cancer were diagnosed by tissue biopsies and treated at this hospital. A written informed consent form was signed by each enrolled patient. Tumor and adjacent tissues were frozen in liquid nitrogen after extraction and then stored at −80 °C. In the process of data analysis, all enrolled patients were registered and numbered in a database with no personal information provided.

Cell Culture and Cell Proliferation Assay {#S0002-S2002}
-----------------------------------------

The human laryngeal cancer cell lines HEp-2 and Tu-177 were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). The two cell lines were cultured according to the ATCC (American Type Culture Collection) instructions. Cell proliferation assay was conducted using the Cell Counting Kit-8 (Dojindo Molecular Technologies, Kumamoto, Japan). The experiments were conducted according to the protocols and OD450 values were measured using a microplate reader.

Quantitative RT-PCR {#S0002-S2003}
-------------------

The Quantitative reverse transcription-PCR was performed as previously described.[@CIT0022] Total RNAs and miRNA were extracted using TRIzol and a miRNA isolation kit (Invitrogen, Waltham, MA, USA). The primers used were as follows: DLX6-AS1: F: 5′-AGTTTCTCTCTAGATTGCCTT-3′ and R: 5′-ATTGACATGTTAGTGCCCTT-3′; miR-26a: F: 5′-GGATCCGCAGAAACTCCAGAGAGAAGGA-3′ and R: 3′-AAGCTTGCCTTTAGCAGAAAGGAGGTT-5′; U6 primer: F: 5′-ATCCGCAAAGACCTGT-3′ and R: 5′-GGGTGTAACACTAAG-3′; and GAPDH: F: 5′-GGGAAATTCAACGGCACAGT-3′ and R: 5′-AGATGGTGATGGGCTTCCC-3′.

Mitochondrial Function Assays {#S0002-S2004}
-----------------------------

Mitochondrial respiratory functions were measured using the XF96 metabolic flux analyzer (Seahorse Biosciences, Billerica, MA, USA) to test the mitochondrial respiration (OCR) of cultured cells according to the manufacturer's instructions. The results were analyzed using XFe Wave software (Seahorse Biosciences).

Cellular and mitochondrial ROS production was measured in cultured laryngeal cancer cells using DHE (dihydroethidium) and MitoSOX dyes (ThermoFisher, Waltham, MA, USA) according to the protocols. Mitochondrial ATP synthesis and H~2~O~2~ levels were detected using commercial experimental kits (Beyotime, Shanghai, China).

Western Blotting {#S0002-S2005}
----------------

Western blotting was conducted as previously described.[@CIT0023] Briefly, total proteins were extracted from cells or tissues and 30 to 60 μg proteins were loaded on gels and separated by electrophoresis. Then, the proteins were transferred to PVDF membranes, blocked and incubated with the corresponding primary and secondary antibodies. The final detection was performed using an electrochemiluminescence substrate (Merck-Millipore, Darmstadt, Germany). The primary antibodies used were anti-TRPC3 (Alomone Labs, Jerusalem, Israel) and anti-GAPDH (Santa Cruz Biotechnology, Dallas, TX, USA).

Intracellular and Mitochondrial Calcium Measurements {#S0002-S2006}
----------------------------------------------------

The protocols for measuring intracellular calcium uptake were described in previous studies.[@CIT0021] Briefly, the laryngeal cancer cells HEp-2 and Tu-177 were digested and incubated with 1 μmol/L Fura-2 dye for 30 mins in the dark after the corresponding treatments. Then, calcium-free Hank's balanced salt solution (HBSS) was used for cell washing and fluorescence detection, with thapsigargin as the agonist. Fluorescence was measured at baseline and after treatment at an emission of 510 nm using excitation wavelengths of 340 and 380 nm. For mitochondrial calcium measurements, laryngeal cancer cells were subjected to specific treatments, and then the cells were incubated with 5 μmol/L Rhod-2 AM for 30 mins. Then, the cells were permeabilized with 10 μmol/L digitonin for five minutes in HBSS. ATP was used as an agonist for mitochondrial calcium detection at an emission wavelength of 581 nm and excitation wavelength of 552 nm.

Luciferase Reporter Assay {#S0002-S2007}
-------------------------

Dual luciferase reporter assays were performed to verify the binding between lncRNA DLX6-AS1, miR-26a and the 3ʹ-untranslated region (UTR) of TRPC3. In these experiments, pmirGLO-WT-DLX or pmirGLO-Mut-DLX and miR-26a mimics or miR-NC were co-transfected into laryngeal cancer cells. The pmirGLO-WT-TRPC3 or pmirGLO-Mut-TRPC3 were co-transfected with miR-26a mimics or miR-NC in a similar way. The pRL-TK plasmid was also co-transfected as the internal control. After 48 hrs, cells were lysed, and luciferase measurements were performed using a luciferase assay kit (Promega, WI, USA) and a Promega GloMax 20/20 machine.

Animal Experiments {#S0002-S2008}
------------------

Five-week-old male BALB/c nude mice were purchased from the animal center of Qingdao University. All experiments were conducted in accordance with the animal experimental protocols released by Qingdao University and approved by the Animal Care Committee of Qingdao University. The mice were randomly divided into four groups (HEp-2-siNC, HEp-2-siDLX, Tu-177-siNC and Tu-177-siDLX, each with six mice) and 2×10^6^ cells were subcutaneously injected into the right flanks of the nude mice. Before injections, the cells were counted using Coulter Counter (Beckman Coulter Multisizer, Fulton, MO, USA). The size of the tumors was measured and recorded every five days. After 30 days, all mice were sacrificed and tumors were isolated for further analysis. The volume of each xenografted tumor was measured, and mitochondrial function analysis and immunoblotting were performed.

Statistical Analysis {#S0002-S2009}
--------------------

The data in this study are presented as the mean ± SEM. The comparisons between two groups were performed by Student's *t*-test, while the comparisons among three or more groups were conducted using one-way ANOVA. Two-tailed P values less than 0.05 were considered as statistically significant.

Results {#S0003}
=======

DLX6-AS1 Expression Is Correlated with the Prognosis of Laryngeal Cancer Patients {#S0003-S2001}
---------------------------------------------------------------------------------

First, the expression profiles of DLX6-AS1 in tumor tissues and adjacent normal tissues of laryngeal cancer patients were analyzed by quantitative RT-PCR. The expression levels of DLX6-AS1 in tumors were increased compared with adjacent tissues ([Figure 1A](#F0001){ref-type="fig"}). Additionally, the patients enrolled were divided according to the clinical stages (stage I: 7 patients, stage II: 12 patients, stage III: 13 patients, and stage IV: 11 patients). It was shown that the tumor tissues from clinical stage III and IV patients had augmented DLX6-AS1 expression compared with those from stages I and II patients ([Figure 1B](#F0001){ref-type="fig"}). Furthermore, a total of 43 patients were classified into low and high expression levels according to the relative DLX6-AS1 levels of patient No.1 ([Figure 1C](#F0001){ref-type="fig"}). [Table 1](#T0001){ref-type="table"} shows that the expression levels of DLX6-AS1 correlated with primary tumor size, tumor clinical stage and metastasis, whereas no correlation was observed between DLX6-AS1 expression and gender/age. The Kaplan-Meier survival analysis in [Figure 1D](#F0001){ref-type="fig"} shows that patients with relatively higher expression of DLX6-AS1 had decreased overall survival compared with those with lower expression of DLX6-AS1. These results indicated that DLX6-AS1 influenced the prognosis of laryngeal cancer patients and might play important roles in the cell phenotypes of laryngeal tumor cells.Table 1Correlation Between lncRNA DLX6-AS1 Expression and Clinicopathological Parameters of Patients with Laryngeal Cancer EnrolledCharacteristicsLow DLX6-AS1 (N=28)High DLX6-AS1 (N=15)P valuesGender0.446 Male209 Female86Age (years)0.711 ≥502112 \<5073Primary tumor0.005\*\* T1+T2236 T3+T459Tumor stage (TNM)0.019\* I, II163 III, IV1212Lymphatic metastasis (Yes)12120.019\*Distant metastasis (Yes)340.177\*[^1] Figure 1The expression levels of DLX6-AS1 correlated with the prognosis of laryngeal cancer patients. (**A**) The expression levels of lncRNA DLX6-AS1 was investigated in tumor and adjacent tissues in laryngeal cancer patients using Quantitative RT-PCR. \*\**P*\<0.01. (**B**) The expression levels of DLX6-AS1 was measured in laryngeal cancer patients with stages I and II verses stages III and IV by qRT-PCR. \**P*\<0.05. (**C**) The relative expression levels of DLX6-AS1 were measured via qRT-PCR and rated relative to patient No.1. (**D**) The effects of DLX6-AS1 on overall survivals were plotted using Kaplan-Meier survival analysis. \**P*\<0.05. Date were presented as Mean ± SD.

lncRNA DLX6-AS1 Increased Cell Proliferation by Promoting Mitochondrial ROS Production {#S0003-S2002}
--------------------------------------------------------------------------------------

Then, using the laryngeal cancer cell lines HEp-2 and Tu-177, we first analyzed the efficacy of DLX6-AS1specific siRNA, and the results in [Figure 2A](#F0002){ref-type="fig"} show that the siRNA could effectively decrease the expression levels of DLX6-AS1. Moreover, DLX6-AS1 knockdown decreased the proliferation rates of both HEp-2 and Tu-177 cells compared with siNC treatment ([Figure 2B](#F0002){ref-type="fig"}). More importantly, the ROS levels of these two cells were detected using two fluorescence dyes, DHE and MitoSOX. The data showed that DLX6-AS1 knockdown decreased the production of both cellular and mitochondrial ROS in HEp-2 and Tu-177 cells ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). Additionally, DLX6-AS1 knockdown upregulated key mitochondrial respiratory parameters, such as complex I OXPHOS, complex I+II OXPHOS and complex I+II ETS, in both HEp-2 and Tu-177 cells ([Figure 2E](#F0002){ref-type="fig"}). [Figure 2F](#F0002){ref-type="fig"} and [G](#F0002){ref-type="fig"} show that siDLX6-AS1 promoted ATP synthesis and decreased H~2~O~2~ production in laryngeal cancer cells, which is consistent with the effects on mitochondrial respiratory functions. Furthermore, the addition of the mitochondrial ROS scavenger mitoTEMPO also partially inhibited cell proliferation ([Figure 2H](#F0002){ref-type="fig"}), indicating that DLX6-AS1 is correlated with excessive ROS production and promotes cancer cell growth.Figure 2The effects of DLX6-AS1 on cell proliferation and mitochondrial functions. (**A**) The effects of DLX6-AS1 specific siRNA on the levels of DLX6-AS1 using qRT-PCR in both HEp-2 and Tu-177 cells. \*\**P*\<0.01. (**B**) The effects of DLX6-AS1 specific siRNA on cell proliferations. \**P*\<0.05. (**C, D**) The effects of siDLX6-AS1 on cellular and mitochondrial ROS production in these two cells, using DHE and MitoSOX dyes, respectively. \*\*\**P*\<0.001. (**E**) The effects of siDLX6-AS1 on mitochondrial oxidative respiration using Seahorse respirometry. (**F, G**) The effects of DLX6-AS1 specific siRNA on ATP synthesis and H~2~O~2~ production in these two cells. \*\**P*\<0.01, \*\*\**P*\<0.001. (**H**) The effects of mitochondrial specific ROS scavenger mitoTEMPO on cell proliferation in laryngeal cancer cells. \**P*\<0.05, \*\**P*\<0.01.

TRPC3 Upregulation Induced by lncRNA DLX6-AS1 Promoted Cell Proliferation and Mitochondrial Calcium Overload {#S0003-S2003}
------------------------------------------------------------------------------------------------------------

Next, we analyzed the expression patterns of TRPC3, which is one of the key ion channels located in both the plasma membrane and the mitochondrial inner membrane.[@CIT0021] TRPC3 has been shown to regulate mitochondrial calcium uptake and ROS production. In [Figure 3A](#F0003){ref-type="fig"}, we detected whether DLX6-AS1 knockdown could affect the expression levels of TRPC3. It was shown that siDLX6-AS1 significantly decreased the TRPC3 expression levels in both HEp-2 and Tu-177 cells. Moreover, TRPC3 knockdown suppressed the proliferation of laryngeal cancer cells, while inhibition of TRPC3 by Pyr3 and depletion of mitochondrial ROS by mitoTEMPO partially decreased the differences between siNC and siTRPC3 ([Figure 3B](#F0003){ref-type="fig"}). Additionally, [Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"} indicate that Pyr3 and TRPC3 knockdown decreased both the cellular and mitochondrial ROS production in HEp-2 and Tu-177 cells. Furthermore, we investigated the calcium homeostasis of these cancer cells. [Figure 3E](#F0003){ref-type="fig"}--[H](#F0003){ref-type="fig"} indicate that TRPC3 knockdown by specific siRNA decreased the cellular calcium uptake, induced by thapsigargin, and mitochondrial calcium uptake, induced by ATP in both HEp-2 and Tu-177 cells. These results indicated that TRPC3 plays vital roles in the regulation of cellular calcium homeostasis and cell proliferation.Figure 3The effects of lncRNA DLX6-AS1-mediated TRPC3 upregulation on cell proliferation and calcium homeostasis. (**A**) The effects of DLX6-AS1 specific siRNA on the expression levels of TRPC3 using Western blotting. \*\**P*\<0.01. (**B**) The effects of Pyr3 and mitoTEMPO on the laryngeal cancer cell proliferation treated with siNC and siTRPC3, respectively. \**P*\<0.05, \*\**P*\<0.01. (**C, D**) The effects of Pyr3 and TRPC3 specific siRNA on cellular and mitochondrial ROS production, compared with DMSO or siNC, respectively. \**P*\<0.05, \*\*\**P*\<0.001. (**E, F**) The effects of siTRPC3 on cellular calcium uptake, induced by thapsigargin, compared with siNC. The laryngeal cancer cells were preincubated with Fura-2, with F~x~/F~0~ indicated that the fluorescence values of certain dots versus the baseline of the measurements. \*\**P*\<0.01. (**G, H**) The effects of TRPC3 inhibition on mitochondrial calcium uptake, induced by ATP in permeabilized cells. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.

miR-26a Functioned as a Link Between lncRNA DLX6-AS1 and TRPC3 {#S0003-S2004}
--------------------------------------------------------------

The lncRNA DLX6-AS1 could function as a decoy by absorbing microRNA and thus regulating the expression levels of key proteins. Among the several microRNAs binding to TRPC3 (miR-26a, miR-26b, miR-98), miR-26a could also be sponged by DLX6-AS1 using LncBase V2 database predictions. It was demonstrated that miR-26a could bind to the 3ʹ-UTR of TRPC3 mRNA and decrease the expression levels of TRPC3 in both HEp-2 and Tu-177 cells ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). Moreover, in laryngeal cancer cells transfected with the wild-type pmirGLO plasmid, co-transfection with the miR-26a mimic decreased the relative luciferase activities in HEp-2 cells, while no significant difference was observed in transfections with the mutant plasmid ([Figure 4C](#F0004){ref-type="fig"}). [Figure 4D](#F0004){ref-type="fig"} and [E](#F0004){ref-type="fig"} present the binding sites between DLX6-AS1 and miR-26a, showing that siDLX6-AS1 significantly increased the expression levels of miR-26a in these two cells. Additionally, co-transfection of the wild-type pmirGLO plasmid with the miR-26a mimic decreased the luciferase activities compared with the miR-NC group, whereas in the subgroups transfected with the mutant plasmid, the addition of miR-26a did not obviously affect the luciferase activity ([Figure 4F](#F0004){ref-type="fig"}). Functional experiments demonstrated that miR-26a mimic transfection decreased mitochondrial calcium uptake and mitochondrial-specific ROS production ([Figure 4G](#F0004){ref-type="fig"} and [H](#F0004){ref-type="fig"}).Figure 4MiR-26a functioned as a link between DLX6-AS1 and TRPC3. (**A**) The detailed binding sequence of miR-26a and wild-type TRPC3 3ʹ-UTR was presented, with the mutation sequence also presented. (**B**) The effects of miR-26a mimic and inhibitor on the expression levels of TRPC3 was demonstrated using Western blotting. \**P*\<0.05, \*\*\**P*\<0.001. (**C**) The luciferase assay was conducted in HEp-2 cells co-transfected pmir-GLO-WT/MUT (TRPC3 3ʹ-UTR) plasmid and miR-NC/miR-26a-mimic. \*\**P*\<0.01. (**D**) The binding sequence of both wild-type and mutant forms of DLX6-AS1 with miR-26a was presented. (**E**) The effects of DLX6-AS1 knockdown on the expression levels of miR-26a were demonstrated using qRT-PCR. \**P*\<0.05, \*\**P*\<0.01. (**F**) The luciferase assay was conducted in HEp-2 cells co-transfected pmir-GLO-WT/MUT (DLX6-AS1) plasmid and miR-NC/miR-26a-mimic. \*\**P*\<0.01, \*\*\**P*\<0.001. (**G**) The effects of miR-26a-mimic and Pyr3 on mitochondrial calcium uptake in both HEp-2 and Tu-177 cells. \*\**P*\<0.01, \*\*\**P*\<0.001. (**H**) The effects of miR-26a mimic on mitochondrial ROS production using MitoSOX dye. \*\*\**P*\<0.001.

DLX6-AS1/miR-26a/TRPC3 Axis Regulated Laryngeal Cancer Metabolism and Proliferation {#S0003-S2005}
-----------------------------------------------------------------------------------

We then analyzed the effects of the DLX6-AS1/miR-26a axis on the expression levels of TRPC3, cell proliferation and mitochondrial function. [Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"} show that in both HEp-2 and Tu-177 cells, transfection with DLX6-AS1 siRNA decreased TRPC3 expression levels, while co-transfection with the miR-26a inhibitor partially recovered the TRPC3 levels compare with miR-NC. Moreover, the cell proliferation assay results in [Figure 5C](#F0005){ref-type="fig"} demonstrate that transfection with DLX6-AS1 siRNA decreased cell proliferation compared with siNC, while co-transfection with miR-26a inhibitor partially recovered cell proliferation compared with miR-NC. In detail, it was shown that siDLX6-AS1 in laryngeal cancer cells suppressed ROS synthesis, whereas miR-26a inhibitor co-transfection partially increased the ROS levels, consistent with the results of cell proliferation ([Figure 5D](#F0005){ref-type="fig"}). Seahorse Bioscience detections showed that miR-26a mimic increased the mitochondrial oxidative metabolism in both HEp-2 and Tu-177 cells ([Figure 5E](#F0005){ref-type="fig"}). Therefore, these results suggested that the DLX6-AS1/miR-26a/TRPC3 axis play a role in the proliferation of laryngeal cancer cells by modulating mitochondrial metabolism and ROS production.Figure 5The effects of the DLX6-AS1/miR-26a/TRPC3 axis on mitochondrial functions and cell proliferation. (**A, B**) The effects of DLX6-AS1 siRNA and miR-26a on the expression levels of TRPC3 using Western blotting in laryngeal cancer cells. \*\*\**P*\<0.001. (**C**) The effects of DLX6-AS1 siRNA and miR-26a on cell proliferations in both HEp-2 and Tu-177 cells. \**P*\<0.05. (**D**) The effects of DLX6-AS1 siRNA and miR-26a on mitochondrial ROS productions in laryngeal cancer cells. \*\**P*\<0.01, \*\*\**P*\<0.001. (**E**) The effects of miR-26a on mitochondrial oxidative respiration. \**P*\<0.05, \*\**P*\<0.01, compare with corresponding miR-NC group. \**P*\<0.05, \*\**P*\<0.01.

lncRNA DLX6-AS1 Promoted Laryngeal Tumor Growth in vivo {#S0003-S2006}
-------------------------------------------------------

More specifically, the effects of lncRNA DLX6-AS1 in vivo were investigated using tumor-bearing nude mice. [Figure 6A](#F0006){ref-type="fig"} presents the morphologic characteristics of the excised tumors from nude mice generated by both HEp-2 and Tu-177 cells transfected with siNC and siDLX6-AS1. It was shown that DLX6-AS1 knockdown decreased the growth of tumors generated by both HEp-2 and Tu-177 cells. Moreover, mitochondrial oxidative metabolism was measured in laryngeal cancer cells from the siNC and siDLX6-AS1 groups, and the results demonstrated that DLX6-AS1 knockdown in vivo increased mitochondrial metabolism, mainly in complex I OXPHOS and complex I+II ETS ([Figure 6B](#F0006){ref-type="fig"}). More importantly, mitochondrial complex enzymatic activities were measured in tumor tissues, and the data indicated that DLX6-AS1 knockdown increased complex I activities and had no effect on mitochondrial complex II activities ([Figure 6C](#F0006){ref-type="fig"}). Using immunoblotting, it was shown that DLX6-AS1 knockdown also decreased the expression levels of TRPC3 in tumor tissues in both the HEp-2 and Tu-177 groups ([Figure 6D](#F0006){ref-type="fig"}). These results suggested that DLX6-AS1 promotes laryngeal tumor growth partially by upregulating TRPC3 expression levels.Figure 6The effects of DLX6-AS1 siRNA on the tumor proliferation in vivo. (**A**) The effects of DLX6-AS1 siRNA on the tumor growth using nude mice models, with HEp-2 and Tu-177 cells pre-transfected with DLX6-AS1 specific siRNAs. The volume of each tumor was measured and analyzed. \**P*\<0.05, \*\**P*\<0.01. (**B**) The mitochondrial respiratory functions of grafted tumors were analyzed. \**P*\<0.05, \*\**P*\<0.01. (**C**) The enzymatic activities of mitochondrial complex I and complex II were measured using the tissues of grafted tumors. \**P*\<0.05, \*\**P*\<0.01. (**D**) The expression levels of TRPC3 in tumor tissues were detected by Western blotting. \*\*\**P*\<0.001.

Discussion {#S0004}
==========

Investigating new diagnostic markers for laryngeal cancer is one of the most important strategies to improve the prognosis of patients. In particular, targeting the reprogrammed metabolism of cancer cells is a new emerging method for early prevention and effective therapy for several types of cancer. In this study, lncRNA DLX6-AS1 had different expression profiles in tumor tissues compared with adjacent normal tissues, which was correlated with poor prognosis. In detail, DLX6-AS1 knockdown decreased cell proliferation and changed the key mitochondrial metabolic parameters in both HEp-2 and Tu-177 cells. Moreover, DLX6-AS1 knockdown suppressed TRPC3-mediated mitochondrial calcium uptake and ROS production. Furthermore, miR-26a functioned as the link between these two molecules, as it could be absorbed by DLX6-AS1 which then regulated the levels of TRPC3. Finally, the DLX6-AS1/miR-26a/TRPC3 axis modulated cellular proliferation in vitro and in vivo. Our study provides new evidence that a novel lncRNA, DLX6-AS1, participates in tumorigenesis by regulating mitochondrial calcium homeostasis and respiration.

DLX6-AS1 is the antisense sequence of gene DLX6 (distal-less homeobox 6), which encodes a member of the homeobox transcription factor gene family similar to the Drosophila distal-less gene. Currently, DLX6-AS1 is identified as an oncogene in several types of cancer, such as colorectal cancer,[@CIT0024] bladder cancer,[@CIT0012] gastric cancer,[@CIT0014],[@CIT0025] pancreatic cancer.[@CIT0026] However, the role of DLX6-AS1 in laryngeal cancer has not been reported. More importantly, DLX6-AS1 is involved in the promotion of proliferation, migration, invasion, stemness and tumorigenesis, but little is known about the role of DLX6-AS1 in modulating intracellular functions, such as mitochondrial metabolism. In this study, we showed that DLX6-AS1 promoted proliferation by modulating TRPC3-mediated mitochondrial calcium uptake and respiratory functions.

Previous reports have shown that the regulatory mechanisms between lncRNAs and miRNAs are complicated. The most commonly accepted mechanism is that lncRNAs serve as competing endogenous RNAs (ceRNAs) to compete with miRNAs for binding to target mRNAs, thus forming a complex lncRNA/miRNA/mRNA network.[@CIT0027] Additionally, other mechanisms include translational inhibition, mRNA degradation, RNA decoys, recruitment of chromatin modifiers, regulation of protein activity, and regulation of the availability of miRNAs by sponging mechanisms.[@CIT0028] In this study, it was demonstrated that lncRNA DLX6-AS1 could function as an RNA decoy and sponge miR-26a, thus increasing the expression levels of the miR-26a target TRPC3, as demonstrated by luciferase assay.

Reprogrammed metabolism has been shown to participate in the tumorigenesis of all types of tumors. Although glycolysis has been considered as the major metabolic process for energy production in cancer cells, mitochondria play important roles. Porporato et al reviewed that in addition to exerting central bioenergetic functions, mitochondria could provide the building blocks for tumor anabolism, control redox and calcium homeostasis and govern cell death. Moreover, mitochondria are promising targets for the development of novel anticancer drugs.[@CIT0029] In our study, DLX6-AS1 knockdown suppressed mitochondrial ROS production and enhanced mitochondrial oxidative respiration, thus affecting cell proliferation. More specifically, NADH-ubiquinone oxidoreductase (complex I) is the largest complex of the mitochondrial electron transport chain and accounts for approximately 40% of the proton motive force required for mitochondrial ATP synthesis.[@CIT0030] In addition, complex I plays an essential role in biosynthesis and redox control during proliferation, which is consistent with the data in this study. Using a mitochondrial respiratory assay, it was shown that the oxidative respiration of complex I was regulated by TRPC3-mediated calcium influx and that the enzymatic activities of complex I increased in xenografted tumors pretreated with DLX6-AS1 siRNA.

TRPC3 belongs to the family of TRPCs, which is located both in the plasma membrane and mitochondria and regulates mitochondrial redox homeostasis.[@CIT0021] Previous studies revealed that TRPC3 regulated tumor phenotypes via calcium-signaling and its downstream pathways. Wang et al reported that TRPC3 modulated proliferation in breast cancer cells through the RASA4/MAPK pathway.[@CIT0031] Additionally, TRPC3 was reported to be regulated by another lncRNA, SNHG5, thus influencing growth and invasion in melanoma, but the concrete mechanism is not quite clear.[@CIT0032] In this study, we demonstrated that TRPC3 could be regulated by lncRNA DLX6-AS1, thus modulating mitochondrial calcium influx and ROS production. Inhibition of TRPC3 suppressed the proliferation of laryngeal cancer cells.

Conclusion {#S0005}
==========

Collectively, this study shows that lncRNA DLX6-AS1 has aberrant expression in laryngeal cancer tissues compared with adjacent normal tissues and is correlated with the prognosis of these patients. Moreover, TRPC3 is one of the key targets of DLX6-AS1 via regulation of mitochondrial calcium homeostasis and respiratory functions. MiR-26a functions as the connection between these two elements, as it could be sponged by DLX6-AS1 and binds to the 3ʹ-UTR of TRPC3. lncRNA DLX6-AS1 promotes the proliferation of laryngeal cancer cells by modulating the miR-26a/TRPC3 pathway in vitro and in vivo. Targeting the DLX6-AS1/miR-26a/TRPC3 axis might become a promising treatment strategy in future therapeutics.
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[^1]: **Notes:** \*P\<0.05, \*\*P\<0.01.
